Summary
Total respiratory resistance ( R , ) was measured in 11 normal children, 2-5. 5 In and those with airway obstruction such as asthmatics or cystic fibrosis patients usually has been based on clinical evaluation. Furthermore, in those children who were diagnosed as having bronchial asthma, the degree of their obstructive airway reversibility after treatment with bronchodilators could not be evaluated nor followed objectively. Measurements of total respiratory resistance (R-I ) by oscillating a sine wave of airflow to the mouth was first described by DuBois et a/. (3, 4) and later applied to children (2, 9, 1 1-13). This F.O. method has been utilized clinically and provides an alterna1.ive to total body plethysmography or an esophageal balloon, both of which are technically difficult and therefore preclude routine use in small children. Because R-I is the sum of airway resistance and tissue resistance (including chest wall), values should approximate total lung resistance by the esophageal balloon (2, 5,
conclusion, R-, utilized in this study is a rapid and reproducible approximation o f Raw. It allows evaluation o f R.,. over a wide range o f frequencies including resonant frequency and requires less cooperation than body plethysmography. It requires a relatively short time and allows objective assessment o f obstructive airway disease and its responsiveness to bronchodilators in chil-
The F.O. technique is based on the theory that when a sine wave of airflow is applied to the tracheobronchial tree during spontaneous breathing, the changes in transthoracic pressure are directly related to the total impedance of the system (2, 5, 6) . The total impedance is composed of three elements: effective resistance, inertia, and elastic compliance (5, 6). At very low frequencies, less than 2 Hz, elastic impedance dominates but at very high frequencies (above 10 Hz) inertial impedance dominates (2, 5-7). Between 5-25 Hz, (called the resonant frequency) the inertial and elastic components are of equal magnitude and opposite in sign, and therefore cancel each other. At resonant frequency, pressure and flow are in phase (zero phase angle). Total respiratory resistance can then be calculated from the relationship between pressure and flow, both measured at the mouth of the subject (4, 5, 7). The mathematical expression of pressure change across the respiratory system include:
where AP represents pressure change, V, the resulting volume; V, the flow rate; V, the volume acceleration; C, the total respiratory compliance; R, the flow resistance; and I, the mass inertia. (2, 9, (11) (12) (13) . Furthermore, resonant frequency was often not accomplished in the young child with obstructive airway disease and high airway resistance. Measurement of R , in children applying a sine wave at multiple frequencies in a wide spectrum simultaneously has not been described previous1 y.
The purpose of this study was to demonstrate the usefulness of this technique in children under 6 years of age. Specifically, we have compared R , with airway resistance (Raw) by body plethysmography both in terms of baseline values and response to bronchodilators. In addition, we have derived the resonant frequency in normal children and in those with obstructive lung disease, and have established the relationship of R., (at resonant frequency) to height in children.
SLJBJECTS A N D M E T H O D S
We studied 48 individuals. The subjects were 11 normal children 2-5.5 years of age (mean, 4.16 years), 24 children with bronchial asthma 2-10.5 years of age (mean, 6 years). eight normal adults 23-39 years of age (mean, 31 years) and five asthmatic adults 32-43 years of age (mean, 36.4 years). Asthmatic subjects fulfilled the criteria for bronchial asthma as established by the American Thoracic Society ( 1 Figure 1 represents the schematic diagram of the measuring device and Figure 2 shows a 3-year-old boy who is tested in a seated position with noseclip in place while breathing normally with cheeks supported by a technician. Figure 4 , there was an excellent inverse relationship between height and R , with the correlation coefficient r = -0.79, which is highly significant ( P < 0.01). ' I'ost-bronchodilator. creased with increasing R , in normal children and adults as well population of 35 children (2-10.5 years of age), f, range was 6-as those with asthma. Total respiratory resistance correlated well 24 Hz with a mean value of 16.57 2 0.78 Hz whereas in adults with f, in adults ( r = 0.81. P < 0.001) whereas the correlation in the range was 5-20 Hz with a mean f, of 11.05 -t 0.65 Hz. This children was of a lesser degree ( r = 0.46, P < 0.01). In our total difference in mean f, was highly significant (Y < 0.001). This study represents the first attempt to evaluate R , within a spectrum of freq~~encies from 2-32 Hr and to determine R l at 1; in young children. Our data show that Rl at f, is a good approximation of Raw because it reflects similar bronchodilator changes after isoproterenol aerosol (17.25 k 2.44% for Rl and 15.06 L 4.15% for Raw). R generally correlates with the absolute values of Raw although it is somewhat higher, as would be expected (Fig. 3) . In a group of 19 children, with younger mean age group (Table 2) . we were able to demonstrate a mean decrcasc in R , of 13% after isoprotcrenol. Three patients did not demonstrate a bronchodilator response for reasons that are not clear. If one excludes these three. thc mean dccrease in those responding was 19 7;. which would be considered a positive rcsponse in comparison to several other pulmonary function techniques. Of the 19 children tested, 1 I were 6 years of age or younger and the youngcst was 3.5-years-old. In addition. wc demonstrated the correlation between R , and height (inverse) and f,. The latter had been suspected. but not shown before.
RESULTS

Cornpuri.son o f R l and RUM'. A comparison o f R-I and Raw before and after isoproterenol inhalation is seen in
From these data and several control subjects (total o f 39 subjects) we determined the relationship between R-I and height. As can be seen in
Relationship between RI and resonant Jrequent ( j j ) . W e next explored the relationship between R, and the f, in both ad!ults (Figure 5 ) and children (Figure 6). Resonating frequency in-
soprotcrcno1 uc~rosol in ~~s t l i t n~~t i c . c h i l~/ r~n
Although resistance should be calculated during inspiration (7) our nieasuremcnts provide multiple values for analysis and reject those values with a coherence function smaller than 0.95. We did not determine lung volume at the rcsistance measured and it is recognized that lung volumes should be measured in order to achieve diagnostic specificity (5) . Although the forced oscillation technique is not a new one. previous studies in children (2.9, l 1-1 3) represent only an approximation of R l bccause their studies were limited to a spectrum of frequencies below resonance. Our measurements of R l within a wide range of frequencies may provide insight into frequency dependence of airway resistance and distribution of ventilation. Cogswell (2) . for example concluded from his study that his investigation was li~iiited because it was difficult to find resonance in children with obstr-uctive aimay disease. Furthermore, he used 5 Hz as the only frequency making it impossible to determine R , at 6. Other studies were similarly limited because frequencies up to but not exceeding I0 Hz were used (2. 5, 9, 11-13). Fisher cJr 01. (5) also recognized that accurate evaluation off, in subjects with obstructive lung disease was frequently not possible. Our study demonstrates quite clearly the relationship between R 1 and f,, confirming previous speculation that f, increases with the severity of the airway obstruction ( Fig. 5 and 6) . Consequently, the scatter of data points in Figure 6 is much greater for asthmatic children than for normal children. It is quite evident that because the mean f, in our population of children was 16.57 + 0.78 Hz. the inability to exceed 10 Hz particularly in children with significant airway obstruction would preclude achieving the measurement of R I at f,. which is supposedly a requirement for determining the "true" R , .
Similar to previous investigators we were able to show an excellent inverse correlation between the R , and thc child's height ( 12) . We disagree, however. that this technique can always be done "quickly and easily." Although this modified instrument designed by Lindier is much faster than previously described instruments capable of measuring R , during a 16-sec period of quiet breathing. much patience is required. The instrument is portable and can be brought to the child's bedside. Attention must also bc paid to cheek compression and laryngeal relaxation.
In conclusion. our report suggests that the modified F.O. technique is useful in approximating Raw in the young child who cannot adequately cooperate for other more sophisticated techniques such as body plethysmography. The advantages of this modified technique include achieving f, required to measure R I in children and measurements of R within a wide range of frequencies thus allowing assessment of frequency dependence of respiratory rcsistance. Other advantages include the short time required to n1easurc R , (16 scc) and the portability of the instrument. We here successful in objectively demonstrating changcs in R , in children as young as 3.5 years of age. We recommend the use of F.O. as an objective test in children less than 6-years-old with obstructive airway disease. of fat and carbohydrate in thk diet had little or not-effect on growth rate, intestinal wt, and DNA content per centimeter. In a second experiment, 9-d-old sucklings were treated for four consecutive d with either saline or hydrocortisone hernisuccinate a t doses assumed to be in the physiologic (0.5 mg/100 g body wt per day) and pharmacologic (2.0 mg/100 g body wt per day) range. Low doses of the steroid failed to enhance precociously the intestinal synthesis of the enzyme and produced significant decreases in intestinal protein (-19% versus controls, P c 0.05) and DNA content (-23%, P < 0.01). In the jejunum as well in the ileum, the incorporation rates of PHIthymidine into DNA were reduced to a level about 70% of the controls (P = 0.05). Higher doses of hydrocortisone had a marked suppressive effect on DNA synthesis in the jejunum and ileum, the values in the steroid-treated group being about one-half those of the control group.
Intestinal Development in the Suckling
During the third week of postnatal life, profound morphologic and biochemical changes occur in rat small intestine. These include increases in intestinal weight, villus and crypt heighl, cell migration rate, and RNA and DNA content (16, 24). The enhanced cell proliferation leads to mucosal hyperplasia, which equally develops in the entire small bowel (3). Intestinal enzymatic activity also undergoes rapid adaptation between d 14 and 21 (14) . All these intestinal changes are in the direction of adult values and in many cases, overshoot adult levels. The physiologic mechanisms that initiate and control these maturative events are not well understood. Rats initiate weaning (dietary transition from rat milk to chow) at a critical period, when the intestinal
